Association of the two ribosomal subunits during the process of translation initiation is a crucial step of protein synthesis. The two subunits (30S and 50S) of the bacterial 70S ribosome are held together by 12 dynamic bridges involving RNA-RNA, RNA-protein, and protein-protein interactions. The process of bridge formation, such as whether all these bridges are formed simultaneously or in a sequential order, is poorly understood. To understand such processes, we have developed and implemented a class of microfluidic devices that mix two components to completion within 0.4 ms and spray the mixture in the form of microdroplets onto an electron microscopy grid, yielding a minimum reaction time of 9.4 ms before cryofixation. Using these devices, we have obtained cryo-EM data corresponding to reaction times of 9.4 and 43 ms and have determined 3D structures of ribosomal subunit association intermediates. Molecular analyses of the cryo-EM maps reveal that eight intersubunit bridges (bridges B1a, B1b, B2a, B2b, B3, B7a, B7b, and B8) form within 9.4 ms, whereas the remaining four bridges (bridges B2c, B4, B5, and B6) take longer than 43 ms to form, suggesting that bridges are formed in a stepwise fashion. Our approach can be used to characterize sequences of various dynamic functional events on complex macromolecular assemblies such as ribosomes.
ribosomal intersubunit bridges | millisecond time resolution cryo-EM T he ribosome is the site of protein synthesis in the cell. It is a highly complex ribonucleoprotein machine consisting of a small and a large subunit. In prokaryotes, the small (30S) subunit consists of a 16S ribosomal RNA (rRNA, 1,542 nt) and 21 ribosomal proteins (numbered S1-S21), whereas the large (50S) subunit comprises two rRNA molecules (23S [2,904 nt] and 5S [120 nt]) and 32 ribosomal proteins (numbered L1-L34 with gaps). The two ribosomal subunits associate at the final stage of the initiation step of protein synthesis, facilitated by three initiation factors (IF1, IF2, and IF3), to yield the 70S ribosome (molecular weight ∼2.5 MDa). The two subunits are joined by 12 canonical intersubunit bridges, which are formed between rRNA and rRNA, rRNA and protein, or protein and protein components (1) . The kinetics of ribosomal subunit association has been a subject of great interest for the last several decades (2); however, there have been few published reports on the kinetics of specific structural elements during this process (3, 4) . Time-resolved structural studies to capture subunit assembly intermediates on the order of seconds or minutes have been recently reported (5, 6) . The goals of the present study are to capture structures of the association intermediates of the two ribosomal subunits on a millisecond timescale, to understand the process of subunit association, and to lay the groundwork for generalization of this technique to a wide variety of macromolecular systems.
The challenge of time-resolved cryo-EM is to rapidly mix reactants and then deposit them in a thin film of solvent within a short time before flash freezing the EM grid in liquid ethane. We have found that spraying the mixture with an air atomizer can produce a thin enough aqueous film if the carbon film is freshly made and plasma-cleaned before plunging (7) . The mixing, reacting, and spraying steps were accomplished by means of a monolithic, microfabricated silicon device that incorporated a mixer, incubation channel, and pneumatic sprayer in a single chip. At the flow rate used here of 3 μL/s per reactant, mixing was estimated to be complete within 0.4 ms (8). This mixer-sprayer was incorporated into a computer-controlled plunging apparatus (9) . In the current configuration of the device, the mixed reactants spend 4 ms in the outlet channel, 0.4 ms in flight from the nozzle to the grid, and 5 ms on the grid while plunged into the cryogen, for a minimum reaction time of 9.4 ms. Longer reaction times are achieved by use of a meandering path between the point of initial mixing and the nozzle. 3D reconstructions, obtained from the cryo-EM data collected from the ribosomal subunit association experiments, show missing densities for specific intersubunit bridges, suggesting that the intersubunit bridges are formed in a sequential order.
Results
Translation Assay. To ascertain that the structure and function of the ribosomal particles remain intact after passing through the
Significance
The protein-synthesizing machinery of the cell, the ribosome, is made up of two subunits, which in bacteria are held together by 12 molecular bridges. Understanding the mechanism and timeline of bridge formation is crucial to understanding the mechanism of bacterial translation initiation. To study the timeline of bridge formation, we developed microfluidic devices that mix two interacting components, spray the mixture onto an electron microscopy grid, and flash freeze the grid for a minimum reaction time of 9.4 ms. This study shows for the first time to the authors' knowledge that eight of the 12 bridges form within 9.4 ms, whereas the remaining four bridges take longer than 43 ms to form. 1 microfluidic devices, we had shown previously that the ribosomal subunits sprayed through the microfluidic device retained competence to associate into 70S ribosomes, as demonstrated by the 70S peak observed on passing the collected spray through a sucrose gradient (7) . To determine whether passage through the microfluidic device preserved the translation activity of the ribosomes, we performed a cell-free translation assay on a collected spray mixture. We sprayed intact 70S ribosomes at three different concentrations through the device and then compared the translation activity of the output 70S ribosomes to 70S ribosomes that were not passed through the device. In addition, to separate the effects of mixing forces from aerosol formation, in one set of experiments we turned off the nitrogen supply, which resulted in a constant stream instead of a plume of droplets. The sprayed 70S showed activity equivalent to the control ±20% (Fig. S1A) , thus demonstrating that passage of preassociated 70S ribosomes, i.e., ribosomes formed by incubating the purified 30S and 50S subunits, through the microfluidic device does not impair translation activity. We also tested the activity of ribosomes associated from purified subunits, using the microfluidic device. After mixing 30S and 50S subunits and collecting the spray in a microcentrifuge tube, the resulting ribosomes showed the same activity ±1% compared with 70S ribosomes associated on a gradient (Fig. S1B) . Subunit association need not have occurred in the mixer, necessarily, as there was no quencher to halt association after the spray was collected in the microcentrifuge tube. However, this experiment shows that the subunits retained competence to associate and then translate protein after passage through the microfluidic device.
Visualization of Association Intermediates Within 9.4 ms. We injected 30S and 50S subunits that were preequilibrated at 12 mM Mg 2+ , a concentration that allows maximum subunit association, through the two microsyringe ports of the microfluidic device. From 19 grids searched exhaustively, we collected 303 micrographs on film, of which 258 were deemed suitable for further analysis. After reference-based classification, the particle images were categorized into 30S, 50S, and 70S classes. Unexpectedly, some additional species were seen in the form of a dimer of 50S subunits and heterotrimers with a 50S•30S•30S configuration (Fig. S2) . Early in the history of transmission EM of purified ribosomal subunits, 50S dimers had been shown to form (10) , and later experiments on mitochondrial ribosomes from the yeast Candida utiliz showed that a combination of high Mg 2+ concentration and low deoxycholate concentration gave rise to a dimer of large subunits (11) . The 50S•30S•30S trimer has not been reported previously, although the structure of a 100S particle containing two 70S particles, that is, a 50S•30S•30S•50S particle, has been examined by cryo-EM (12) . In that case, intermediary proteins such as ribosome-modulating factor and hibernation-promoting factor were involved. We speculate that the combination of high Mg
2+
, and especially the high subunit concentration required for our experiments, drives the equilibrium toward higher-order structures (Fig. S3) .
From the 70S, 50S monomer, and 50S dimer classes, 17,987 particle images were selected. From the 70S class, 4,445 particle images were selected. The presence of 50S dimers and the 50S•30S•30S trimer yields an underdetermined kinetic scheme, so a simple metric to measure the extent of 70S formation is the ratio of particles containing at least one 50S and one 30S (i.e., 70S and 50S•30S•30S trimers) to total 50S-containing particles, which includes 50S monomers, 70S, 50S dimers, and 50S•30S•30S trimers. By this measure, we obtain 4,445/17,987, or 24.7% association. Using the rate constant of 14μM −1 s −1 obtained by stoppedflow and light scattering under similar experimental conditions (4), one would expect fewer 70S complexes (11.6%) from a simple bimolecular reaction.
As a control for the 70S class at 9.4 ms, we determined a reconstruction from 70S particles (n = 4,391) that were preassociated and then passed through the microfluidic mixer. Reconstruction of the 4,445 images classified as 70S from the 9.4-ms data set showed that four of the 12 intersubunit bridges, bridges B2c, B4, B5, and B6, were missing or weak (Fig. 1 A, B , and E). Bridges B5 and B6 share contacts (1) and are not always resolved as separate bridges at the current resolution. In this reconstruction at 9.4 ms, the unshared contacts are not visible either. Although bridge B6 does appear at a lower threshold (Fig. S4A) , the threshold for the isosurface of the 9.4-ms reconstruction is lower and more permissive than the control, and yet lacks the density corresponding to bridges B2c, B4, B5, and B6 ( Fig. S4 B and C) , suggesting that none of these bridges are formed within 9.4 ms.
In addition to the missing bridges, the resolution of the 70S-like particles from the 9.4-ms reconstruction was poorer than that from the preassociated control reconstruction (33 Å versus 24 Å), despite a similar number of particles. The low resolution was attributed to additional heterogeneity in the reassociated particles. Thus, we subjected the particle images to the 3D maximum likelihood classification (13) (ML3D). ML3D follows the steepest gradient of its likelihood function, a composite of parameters such as image shift, rotation, class assignment, and so on, to find its optimum (see supplemental data in ref. 13 ), which can result in entrapment in a local extremum, rather than the global one. To safeguard against entrapment in a local extremum, we ran ML3D several times, using different starting seeds.
(At the start of ML3D, classes are assigned randomly from the particle image set.) Fig. 1 C and D shows the results of one instance of ML3D, and similar results were obtained from three other runs of ML3D. The reconstruction shown in Fig. 1C shows missing bridges comparable with the overall reconstruction in Fig. 1B , whereas the reconstruction in Fig. 1D shows additional bridge B6 (Fig. 1G) . In addition, the formation of bridge B6 appears to be allosterically correlated with a movement in the L1 stalk region, as we observe a smearing of the L1 stalk and very weak density corresponding to 23S rRNA helix 76 that connects the L1 stalk to the rest of the ribosome. The L1 stalk, which is present in the pretranslocation state conformation (14, 15) in all our preassociated 70S (control) maps, is known to be conformationally variable (16) , as is helix 76 (17) . In each run of ML3D, there was at least one class in which the intersubunit bridges B2c, B4, B5, and B6 are missing and one class in which additional intersubunit bridges appeared to have formed. Note that the initial orientation parameters assigned to each particle image before ML3D were those that had given rise to the reconstruction with bridges missing, so it is unlikely that the appearance of those bridges found in mature 70S could be a result of reference bias.
Visualization of Association Intermediates Within 43 ms. We used a microfluidic device with a reaction time of 43 ms, of which time 38 ms is the median residence time, plus 5 ms for time of flight and plunging. We collected 24,472 particle images from 2,397 CCD images and have performed an analysis similar to that described for the 9.4-ms data set above. From the 70S class, 11,921 images were selected, corresponding to 48.7% association using the same metric as for the 9.4-ms data set compared with the 37.5% expected from an association rate constant of 14 μM We also selected 2,620 50S dimers, which is proportionally fewer than at 9.4 ms: 10.7% versus 15.3%, respectively. A representative CCD image is shown in Fig. S5 .
Of the 11,921 70S-like particles selected initially, we computed a 3D reconstruction of 7,396 particles (Fig. 2B) after a second round of manual particle-verification. As was the case with the 9.4-ms data set, bridges B2c, B4, B5, and B6 were missing. The increased proportion of 70S-like particles from the 9.4-ms data set suggests a buildup of a metastable intermediate.
The resolution of the reconstruction was again worse (23 Å) than that of the control, preassociated 70S ( Fig. 2A) (19Å) , from a comparably-sized data set with 7,705 particles (7). Further analyses using ML3D-based classification (13) suggest there are at least two subpopulations in both the 9.4-ms ( Fig. 1 C and D) and the 43-ms (Fig. 2 C and D) data sets. For each time, one of the subpopulations yields a reconstruction in which the four intersubunit bridges are missing, whereas the other subpopulations produce reconstructions containing one or more of those four bridges better resembling the fully associated 70S ribosome. Thus, the two independent data sets both contain subpopulations of particles that contain at least one additional intersubunit bridge. Discussion Model for Association. Here we report, using our recently developed time-resolved cryo-EM technology and 3D reconstruction, that associating ribosomal subunits form 70S-like intermediates that lack some of the intersubunit bridges found in native 70S particles. Classification of the 70S-like images obtained for two reaction times, 9.4 and 43 ms, shows subpopulations in which additional intersubunit bridges have formed. Spatially, the missing bridges cluster along the 3′ domain of the small subunit. 16S RNA bridges B5 and B6 have intersubunit contacts on the 30S subunit contributed entirely by helix 44. Helix 44 has been shown to be organized late during the assembly of the 30S subunit and has been found to be disordered (18, 19) or distorted (20) (21) (22) in structures of some of the assembly intermediates of the small subunit from various species.
Bridges B2c and B4 are also spatially near these missing helix 44 contacts. Mutants of components involved in the formation of bridge B2c are viable but are underrepresented in polysome pools relative to wild-type, indicative of a defect in association (23, 24) . The double-stranded rRNA helix 27 of the 30S subunit, which is involved in the contacts of bridge B2c, requires rearrangement Fig. 3 . Depiction of the order of ribosomal intersubunit bridge formation. The inset at the top shows the 70S ribosome with two subunits (30S, yellow; 50S, blue) identified. X-ray crystallographic structures of the two ribosomal subunits [Protein Data Bank ID codes 3R8O and 3R8T (25) ] were used to display the known locations of canonical intersubunit bridges. Locations of the bridges (1) were superimposed. Bridges that are formed within 9.4 ms are outlined in green, whereas those take longer than 43 ms are outlined in red and purple. The bridges outlined in purple intermittently appeared during some runs of ML3D classification. Multiple contacts are involved in some bridges, and thus some contacts between bridges B5 and B6 overlap. In the lower inset, helix 44 is highlighted in pink to indicate the directionality of bridge formation involving this helix. Chimera (44) from the conformation found in the isolated 30S to the conformation found in the associated 70S (4). Our data show that bridge B2c is not yet formed at 43 ms, and so we suggest that helix 27 has not yet undergone this rearrangement. Bridge B4, composed primarily of helix 34 in the 50S subunit, has not been seen to be disordered in known 50S structures, and atomic models of the isolated 50S do not require any rearrangement of helix 34 to be fitted into the cryo-EM maps of the 70S ribosome. However, density for helix 34 is not visible in our reconstructions of 70S at a reaction time of 9.4 ms and is only visible in a subpopulation of images at 43 ms. On the basis of an atomic model of the 70S ribosome (25) (Fig. 3) , it appears that helix 34 of the 50S subunit fits into a notch on the 30S subunit formed by helix 24 of the 16S RNA and protein S15. Perhaps the reason that helix 34's density is absent in the 9.4-and 43-ms maps is that its initial fit is suboptimal and requires tens of milliseconds to adopt its final conformation. Helix 34 deletion mutants are able to associate, albeit weakly (24, 26, 27) , and bridge B4 is not conserved among all phylogenetic domains (28) . These biochemical observations strongly corroborate this study by suggesting that bridges B2c and B4 are not vital but, rather, are formed at a later stage of subunits subunit association to help stabilize the 70S structure. We infer that a spatial pattern of the visible bridges emerges (Fig. 3 ) in which bridges form along an axis (Fig. 3, lower inset) . We hypothesize a model for association in which the intersubunit bridges involving helix 44 near the decoding region of the 30S subunit form first, whereas those involving the distal end form last. These early-forming bridges include B2a, B3, and B7b, involving contact points that are conserved across bacteria, eukaryotes, and archaea, as well as mitochondria and chloroplasts (28) . Next, the peripheral bridges, including bridges B1a, B1b, and B8, form. These bridges are visible at 9.4 ms but are not evolutionarily conserved (28) . Furthermore, bridges B1a and B1b undergo changes in intersubunit contacts during ribosomal ratcheting (14, 15, 29, 30) , further suggesting these contacts are not crucial to hold together the 70S ribosome. The last bridges to form are bridges B2c, B4, B5, and B6. Bridges B2c and B5 (for the contacts not shared with B6) were absent in all the reconstructions computed in this study, both before and after classification. After classification, we obtained reconstructions in which bridge B4 or B6 was visible (or neither), but no reconstruction at 9.4 or 43 ms showed both bridges B4 and B6 simultaneously. It is conceivable that association occurs along at least two pathways: one pathway where bridge B6 forms first and another where bridge B4 forms first. It is likely that the missing bridges in our 9.4-and 43-ms cryo-EM data sets represent an actual sequence of bridge formation during the bacterial translation initiation process that involves a 30S initiation complex comprising the 30S subunit, mRNA, initiator tRNA, and three initiation factors (IF1, IF2, and IF3) (31) . In the 30S initiation complex, the regions involved in the formation of missing bridges in this study would be sterically blocked by bulky domains 3-5 of the IF2 (32), which apparently realign in a subsequent step to allow full access to the 50S subunit for the formation of the 70S initiation complex. However, the sequence of formation of these bridges needs to be further investigated by collecting data at longer reaction times and by including additional components in the reaction mixture, such as the 30S initiation complex with initiator tRNA and translation initiation factors in one channel and the 50S subunit in other reaction channels of the microfluidic devices.
Progress in Time-Resolved Cryo-EM. The results presented here describe the association of ribosomal subunits by time-resolved cryo-EM, using a microfluidic mixer-sprayer that was developed in our laboratory. Among the advantages of our methodology are that virtually any pair of reactants can be mixed, with no need for chemical modification, such as in methods that require photoactivatable compounds (33); mixing is fast, completing within 0.4 ms; interaction of the reacting macromolecules with the carbon support film is minimized; and the minimum reaction time is as short as 9.4 ms. However, a limitation of the technique is that, because of a sparsity of suitable microdroplets and the low numbers of macromolecules per microdroplet on a typical EM grid, it is difficult to collect sufficient numbers of particles to achieve high-resolution structures of reaction intermediates, which often make up a small fraction of the total population. Further development of this technology would be advantageous for expanding its use in studying millisecond-scale time-resolved steps during various phases of translation, as well as application to other biological systems. To this end, we continue to develop and test a new class of microsprayers that could produce a more uniform microdroplet distribution on the EM grid to facilitate the large cryo-EM data acquisition needed for higher-resolution reconstructions.
Methods
Preparation of Ribosomes. Ribosomes were prepared according to Blaha and colleagues (34) . Briefly, 1 L of LB broth was inoculated with 5 mL overnight culture of Escherichia coli MRE600. Cells were collected at midlog phase (o.d., 0.5-0.6) and lysed by grinding with alumina. Cellular lysate was then layered on 5-30% sucrose gradient in Hepes-K buffer with 4 mM MgCl 2 to separate tight-coupled (TC) 70S from loose-coupled subunits (35) (loosecoupled 30S and loose-coupled 50S). Sucrose gradients were fractionated by a Teledyne Isco fraction collector (Teledyne Isco, Inc.), and the fractions corresponding to (TC 70S) ribosome were collected. TC 30S and TC 50S were prepared from TC 70S ribosomes after fractionation on 5-30% sucrose gradient in Hepes-K buffer with 0.1 mM MgCl 2. Fractions corresponding to each subunit were pooled, pelleted, quantified, and stored at −80°C.
Cell-Free Translation Activity of Sprayed 70S. The activity of the ribosomes associated by spraying 30S and 50S subunits mixed by the 9.4-ms device was assayed using a cell-free translation system (PURESYSTEM Δ1 Ribosomes, Cosmo Bio Co. Ltd.), which has all the transcription and translation factors that would allow the coupled transcription/translation of a particular gene with the appropriate promoter; in this case, the gene for dihydrofolate reductase, carried on a plasmid under the T7 promoter. The incorporation of radiolabeled S 35 methionine allows the quantification of the product protein after SDS/PAGE. The kit used was specially prepared in that there were no ribosomes in the reaction mixtures supplied to allow the testing of our associated subunits. To test for the effect of passage through the device of preassociated 70S on translation activity, 70S ribosomes at three different concentrations (2, 3, and 4 μM) were sprayed through the device and the collected fractions were each diluted to 0.7 μM and were used in cell-free translation against a control 70S of the same molar concentration that had not passed through the device. To assay the activity of ribosomes associated on passage through the microfluidic mixer, 3.4 μM of each 30S and 50S were incubated at 37°C for 45 min and then sprayed through the device. The output (regarded as 70S) was collected in a microcentrifuge tube, diluted to 0.7 μM, and used in the assay. As a control, 0.7 μM of a 70S formed by association of 30S and 50S on a sucrose gradient was used.
Time-Resolved Preparation of EM Grids. A ∼5-nm-thick layer of continuous carbon was deposited onto freshly cleaved mica using a Bal-Tec MED 020 evaporator (Leica Microsystems). The carbon was floated onto R2/4 Quantifoil grids (Micro Tools GmbH), and the grids were glow-discharged for 30 s, using a plasma cleaner (Harrick PKC-3XG; Harrick Scientific Corp.) to render them hydrophilic (36) . Two micromoles of each 30S and 50S subunit (for a final concentration of 1 μM after mixing) in Hepes-K buffer with 12 mM MgCl 2 were preincubated at 37°C for 45 min before being used. Subunits were loaded into separate syringe pumps and driven through the mixer at 3 μL/s per reactant. The spray was collected on a grid plunged at ∼1.0 m/s by a computer-controlled grid freezing instrument (9) . Humidified nitrogen gas used to generate the spray was regulated to 50 psi.
Electron Microscopy and Digitization. Electron microscopy was performed on an FEI Tecnai F20 transmission electron microscope operating at 200 kV at a nominal 50,000× magnification (50,360× calibrated) under low-dose conditions. For the data set corresponding to a reaction time of 9.4 ms, from 19 grids, we collected 303 micrographs on Kodak SO-163 film, of which 258 were retained on the basis of quality. Micrographs were digitized on a Zeiss scanner (Z/I Imaging) with a step size of 14 μm, corresponding to a pixel size of 2.76 Å on the object scale. For the data set corresponding to a reaction time of 43 ms, from 17 grids, 2,492 CCD images were collected on a TVIPS 4k×4k camera, of which 2,397 images were retained on the basis of ice thickness and the quality of their power spectra. CCD images were binned by two, corresponding to a pixel size, including a postcolumn magnification of 1.78×, of 3.38 Å on the object scale.
Image Processing. Image processing was performed using the software packages EMAN2 (37), SPIDER (38) , and XMIPP (39) . Particles were windowed using e2boxer.py from EMAN2. Particle images were aligned by projection matching (40, 41) and were categorized into subclasses of 70S, 50S, 30S, and other structures, using as references a previously reconstructed E. coli ribosome (42) and segmented subunits thereof. Correction for the contrast transfer function was performed by phase-flipping, which is especially useful after classification, when defocus groups may contain too few particles to obtain a well-defined 3D reconstruction (the protocol is available at www. wadsworth.org/spider_doc/spider/docs/techs/recon1/myproject/Docs/mr.html).
Particle images were screened individually, using classification-based verification (43) . After downsampling to 64 × 64 pixels to reduce computation time, the 3D ML3D (13) was used to further classify the particle images assigned to the 70S category. The number of classes, K, was varied according to the size of the data set, using either K = 3 or K = 4. Classes obtained from ML3D were then used for 3D reconstruction from the original images at full resolution, and orientations were further refined. Reconstructions were visualized using UCSF Chimera (44) .
